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ABSTRACT  
 
Although hundreds of samples obtained from ascending thoracic aortic aneurysms (ATAA) of 
patients undergoing elective surgical repair have already been characterized biomechanically, their 
rupture properties were always derived from uniaxial tensile tests. Due to their bulge shape, ATAAs 
are stretched biaxially in vivo. In order to understand the biaxial rupture of ATAAs, our group 
developed a novel methodology based on bulge inflation and full-field optical measurements. The 
objective of the current paper is threefold. Firstly, we will review the failure properties (maximum 
stress, maximum stretch) obtained by bulge inflation testing on a cohort of 31 patients and compare 
them with failure properties obtained by uniaxial tension in a previously published study. Secondly, 
we will investigate the relationship between the failure properties and the age of patients, showing 
that patients below 55 years of age display significantly higher strength. Thirdly, we will define a 
rupture risk based on the extensibility of the tissue and we will show that this rupture risk is strongly 
correlated with the physiological elastic modulus of the tissue independently of the age, ATAA 
diameter or the aortic valve phenotype of the patient. 
 
KEYWORDS : aneurysm; human thoracic aorta; bulge inflation test; rupture properties; extensibility. 
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1. INTRODUCTION 
Ascending thoracic aortic aneurysms (ATAA), described at tissue level by medial degeneration and 
biomechanical weakening of the aneurysmal wall [1,2], are a life-threatening pathology causing a 
permanent dilation associated with a high risk of aortic rupture or dissection and death of the 
patient. ATAA affects approximately 10 out of 100 000 persons per year [3] and is the 17
th
 most 
common cause of death [4].  
ATAAs are treated by replacing them with synthetic grafts when the aortic diameter exceeds 
5.5 cm [5]. However the rupture or the dissection of ATAAs remains rather unpredictable on a 
patient-specific basis. Even if the yearly risk of dissection or rupture rises from 3% to 7% with 
aneurysms >6 cm, rupture of ATAAs has been documented to occur at diameters less than 4.5 cm [6]. 
Factors other than the aneurysm diameter that may affect the predisposition to rupture are age, 
hypertension, aortic valve phenotype (bicuspid or tricuspid) or the presence of genetic disorders 
(Marfan syndrome, Ehler-Danlos syndrome). 
Rupture of an ATAA  occurs when the stress applied to the aortic wall locally exceeds its capacity 
to sustain stress. Finite-element analyses can be used to estimate the local distribution of the stress 
applied by the blood pressure onto the aortic wall [7–9]. An open question is to estimate the patient-
specific strength, which can vary from a few tenths of MPa to a few units of MPa from one individual 
to another [10,11]. Another open question is that mean physiological wall stresses acting on 
pathologic aortas were found to be far from rupture, with factors of safety (defined as the ratio of 
tensile strength to the mean wall stress) larger than six [12]. 
Another equivalent definition of rupture can be stated when the stretch applied to the tissue 
exceeds its extensibility. For instance, Martin et al. [13] defined a diameter risk, which is the ratio 
between the current diameter of the aneurysm and the rupture diameter. The authors show that the 
diameter risk increases significantly with the physiological elastic modulus of the artery. Indeed, if 
the aortic wall is stiff, a rather large increase of pressure can be induced by a small increase of 
volume.  
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In vitro mechanical characterization of ATAA rupture on specimens, obtained from ascending 
aorta tissue of patients undergoing elective surgical repair, has been instrumental to improve the 
understanding of the aortic wall properties and the potential risk for rupture of ATAAs [14]. Several 
authors have focused on elastic properties of ATAAs [9,15–17]. They showed that ATAAs have altered 
collagen fiber architecture in the medial plane and have significantly less elastin than healthy tissue. 
The tissue is generally stiffer in the circumferential direction than in the longitudinal direction and 
the elastic properties vary regionally [16]. Stress-strain analyses also aided in determining material 
properties [18–20]. Kim and Baek showed significant spatial variations of mechanical properties in a 
porcine thoracic aorta using optical full-field measurements and inflation-extension tests [21]. 
Despite the interest of these studies on elastic properties, we will focus on the rupture properties 
of ATAAs. At least 11 papers reported rupture properties of ascending thoracic aortas and ATAAs in 
uniaxial tension (Table 1). In these studies, the strength was always determined in uniaxial tension, 
except for a few samples that were reported in the second paper of Mohan and Melvin where they 
performed bulge inflation tests [22].  
Due to their bulge shape, aneurysm tissues are stretched biaxially in vivo [23], and there is no 
guarantee that results obtained from a uniaxial test can be applied to a biaxial state. The lack of 
rupture analysis in biaxial tension can be explained by the fact that biaxial testing is less suitable for 
strength assessment, due to attachment techniques and the square shape of the specimen, which 
may prevent failure of the specimen in the gauge area. 
Bulge inflation test is another technique for investigation of biaxial mechanical behavior, which 
has been applied in the past to the study of human and pig aortas [22,24] as well as other soft tissues 
[25]. The basic testing protocol consists in obtaining square specimens from an excised cylindrical 
aortic tissue laid flat. These are clamped in the inflation device forming a hermetically sealed cavity in 
which a fluid (water) is injected at a controllable rate while simultaneously measuring pressure. 
Our group recently conducted bulge inflation tests on human ATAA tissues [26–28], to test 
media/adventitia samples as well as complete layers. Stereo-digital image correlation (SDIC) was 
  
5 
 
used to obtain the strain field of the entire inflated membrane. Video-based tracking techniques can 
allow simultaneous evaluation of material parameters for constitutive modeling purposes and of 
localized stress in the area that eventually ruptures, providing a powerful experimental tool to 
characterize the mechanical properties of vascular tissues [17,26,29–32].  
The objective of the current paper is threefold. Firstly, we will review the failure properties 
(maximum stress, maximum stretch) obtained by bulge inflation testing on a cohort of 31 patients 
undergoing elective surgical repair and compare them with failure properties obtained by uniaxial 
tension in a previously published study. Secondly, we will investigate the relationship between the 
failure properties and the age of patients. Thirdly, we will define a rupture risk based on the 
brittleness of the tissue and investigate the correlation between this rupture risk and the 
physiological elastic modulus of the tissue. 
 
2. METHODS  
2.1. Materials for bulge inflation tests  
ATAA samples for bulge inflation tests were obtained from patients undergoing elective surgery to 
replace the pathological segment of aorta with a synthetic graft. The collection of the aortic tissues 
was carried out in accordance with the guidelines of the Institutional Review Board of the University 
Hospital Center of Saint-Etienne and patients signed informed consent before surgery. Specimens 
were kept at +4°C in a 0.9% physiological saline solution and tests were performed within 24 hours 
[33]. The demographic information for all the aortic specimens used in this study is presented in 
Table 2.  
The aortic samples (Fig. 1a) were cut in the axial direction (in the direction of blood flow) at the 
level of the inner curvature (Fig. 1b). Then a flat square piece was cut consisting of the tunica intima, 
media, adventitia and loose connective tissue (Fig. 1c). For all the specimens the loose connective 
tissue was carefully removed to prevent sliding in the experimental device using dissecting blunt-
point scissors. The thickness of each specimen, denoted h0, was measured using a digital caliper 
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while holding the specimen between two plates. All the aortic tissues were tested in bulge inflation. 
The entire process was recorded using a SDIC system to reconstruct the 3D shape of the inflated 
tissues. The experimental set-up and the bulge inflation tests performed by our group are explained 
in details in previous publications [27,28,34]. The aim of the present study is to review the failure 
properties (maximum stress, maximum stretch) obtained by the bulge inflation test and compare 
them with failure properties obtained by uniaxial testing.  
 
2.2. Materials for uniaxial tensile tests  
We carried out tensile tests on 103 ATAA samples collected from 12 patients at the University of 
Michigan in 2008. Elastic properties were reported in a previous publication [16] but the rupture 
properties were not reported. They will be reported herein and compared to the biaxial rupture 
properties. 
All procedures for the uniaxial tensile tests were carried out in accordance with the guidelines of 
the Institutional Review Board of the University of Michigan and patients signed informed consent. A 
segment of aortic wall was excised from surgical specimens obtained from patients undergoing 
elective surgical repair of their ATAA. These segments were cut with custom-designed tissue cutters 
and multiple test specimens were available when the surgical aortic specimen was large enough. 
About half of the specimens were cut along the circumferential direction of the aorta and the other 
half along the axial direction, for the sake of comparison.  
Experiments were carried out using a tensile testing machine (Instron model 5542, Norwood, MA, 
USA). To avoid damaging the tissue from excessive compression, fine grit adhesive sand paper was 
placed on the surface of the pneumatic grips to prevent slippage during the test. The tissue was kept 
wet by a spray of phosphate buffering solution. The specimen was stretched at a rate of 10 mm.min
-1
 
until failure. Load and cross-head displacement were continuously recorded by the data acquisition 
software Merlin, provided by Instron.  
 
2.3. Analysis method in bulge inflation tests 
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The 3D shape of the inflated ATAA layer captured in vitro, was numerically discretized in order to 
create a mesh across the 3D shape [27]. Using a finite difference method, the membrane 
deformation gradient was calculated based on the deformed and initial tangent vectors at each 
element of the mesh, and the Cauchy-Green stretch tensor was derived from the deformation 
gradient [27]. 
Assuming that the tested samples behave as a pure membrane, it is also possible to derive the 
Cauchy stress at each element of the mesh [27,34,35]. 
Let (e1, e2) denote the cartesian basis of the circumferential and axial directions of the tissue, 
respectively. In the current paper, where we analyze experiments for which the rupture occurred in 
the central region of the specimen, we derived the following data for each sample : 
1. λ1 and λ2 are the circumferential and axial components of the stretch at the center of the 
specimen, respectively. 
2. σ1 and σ2 are the circumferential and axial components of the Cauchy stress tensor at the 
center of the specimen, respectively.  
For each pressure stage P(t), λ1(t), λ2(t), σ1(t) and σ2(t) were derived as the average value of the 
respective stretch or stress fields across a region of 2 cm radius around the center. It was checked 
that the in plane shear stresses and strains are negligible in the central region. 
In order to determine the stage tphysio corresponding to the average physiological state of the 
tissue in vivo, we approximated the circumferential stress in the bulging region of the aneurysm with 
the Laplace law: 
σ1 = (Pin D)/(4h) (1) 
where σ1 is an estimate of the average circumferential stress in vivo, Pin is the average physiological 
pressure (mean between diastolic and systolic pressure measured by sphygmomanometry for each 
patient), D is the diameter of the aneurysm measured from the CT scan, and h is the current 
thickness of the wall in vivo, defined as: 
h = h0/[λ1(tphysio)λ2(tphysio)]  (2) 
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The physiological tangent modulus (E) of the specimen is defined as: 
E(tphysio) = dσ1(tphysio)/dε1(tphysio)  (3) 
where dε1 denotes the infinitesimal circumferential strain that occurs in vivo when the 
circumferential Cauchy stress varies due to blood pressure variations. The infinitesimal 
circumferential strain is defined as the ratio between the change of circumference and the average 
circumference in vivo. An equivalent ratio in the bulge test is dε1 = dλ1/λ1. Accordingly, we define the 
physiological tangent modulus as: 
E(tphysio) = λ1(tphysio) dσ1(tphysio)/dλ1(tphysio)  (4) 
where dσ1(tphysio)/dλ1(tphysio) is the slope of the σ1(t) versus λ1(t) curve (Figure 3a). We consider the 
elastic modulus along the circumferential direction (σ1 versus λ1) instead of elastic modulus along the 
axial direction (σ2 versus λ2) because the changes of blood pressure during the cardiac cycle produce 
effects which are more significant circumferentially than axially.  
For all the bulge inflation tests reported here, the artery burst with a straight crack splitting the 
media or the entire artery into two halves (Fig 1d and Fig 2). For each test where the crack made a 
straight line, the vector normal to this line was denoted eθ, θ being the angle between eθ and e2 
(values reported in Tab. 2). For 8 samples, the crack made an undetermined pattern or covered a 
large part of the sample and we could not estimate an angle. In these cases, an arbitrary value of 
θ=45° was assigned. 
Using σ and C which are the Cauchy stress tensor and the Right Cauchy Green stretch tensor, 
respectively, the stress and the stretch components along eθ can be derived with the following 
formulas: 
σ = eθ . σ . eθ  (5) 
λ2 = eθ . C . eθ  (6) 
The stage at which the rupture occurred was denoted trup. Applying equations 5 and 6 at trup and 
neglecting shear (implying that σ and C are diagonal), it can be written: 
σrup = σ1(trup) cos
2θ + σ2(trup) sin2θ  (7) 
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λrup = { [λ1(trup)]2 cos2θ + [λ2(trup)]2 sin2θ }1/2  (8) 
Eventually we derived two rupture criteria to evaluate the proximity between the physiological state 
and the ultimate state where rupture occurred:  
1. the first criterion is based on the stress values:  
γstress = [σ1(tphysio)/σrup] cos2θ + [σ2(tphysio)/σrup] sin2θ (9) 
2. the second criterion is based on the stretch values: 
γstretch = { [λ1(tphysio)/λrup]2 cos2θ + [λ2(tphysio)/λrup]2 sin2θ }1/2 (10) 
These criteria take values between 0 and 1. The closer they are to 1, the larger is the risk of rupture. 
In structural mechanics, 1/γ represents a safety factor. 
 
2.4. Analysis method in uniaxial tensile tests 
In the uniaxial tensile tests, the tensile Cauchy stress and the tensile stretch were derived from 
the recorded data F (axial load measured with a load cell) and L (current length of the specimen 
equal to the initial length L0 plus the motion of the cross-head) according to: λ = L/L0, σ = Fλ / S0, 
where S0 is the initial cross section area. 
σrup and λrup were estimated as the stress and stretch values reached at first maximum just before 
dropping abruptly. This indicated a partial rupture (most of the time in the media) that was followed 
by tearing of the remaining tissue. 
 
2.5. Data classification 
We investigated the differences of rupture properties according to 3 different parameters: age, 
type of test and physiological modulus. Accordingly, patients were classified: 
1. in 2 groups of different age: 8 patients ≤ 55 years old and 23 patients > 55 years old;  
2. in 3 groups of different test type (only for patients > 55): bulge inflation (23 patients), 
uniaxial tension along the circumferential direction (9 patients) and uniaxial tension along 
the axial direction (8 patients); 
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3. in 2 groups of different physiological modulus: 7 patients with Ephysio < 1 and 24 patients with 
Ephysio ≥ 1. 
4. in 2 groups of different type of aortic valve: 8 patients with a bicuspid aortic valve (BAV) and 
23 patients with a tricuspid aortic valve (TAV). 
 
2.6. Statistics 
Relationships among different relevant parameters (age, diameter, Ephysio, γstretch, γstress, λrup, σrup) 
was assessed using Pearson correlation analysis. A normality test was performed using Anderson-
Darling test for the parametric inference, to determine whether the data in each group of patients 
followed a normal distribution. One-Way ANOVA with Bonferroni post hoc test was performed to 
define the statistical differences between groups of patients. The results are presented as mean ± 
typical error. The statistical significance was set at p<0.05. The statistical methods applied were 
calculated using Minitab®. 
 
3. RESULTS  
3.1. Stress-stretch responses in bulge inflation 
A total of 31 different samples were successfully tested with the bulge inflation test. They were 
collected from the bulging region of ATAAs of 31 patients ranging from 24 to 80 years old. Of interest 
is the mode of rupture that was observed in these bulge inflation tests. Although some samples burst 
completely and suddenly at the maximum pressure, in 55% of them (17 out of 31), the intima/media 
layer failed initially which was characterized by a pressure drop. Afterwards the pressure could be 
increased again as the adventitia still contained the inflating liquid and resisted rupture. This failure 
of the intima/media layer occurred with a sudden crack crossing at least half of the sample width. 
Following this crack, the intima/media layer did not bear any load and recoiled elastically. During this 
elastic recoil the media slipped over the adventitia, indicating that there had been a partial 
disruption between the two layers. This mode of failure has many similarities with an aortic 
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dissection (failure of the media and delamination between the media and the adventitia). We show a 
few pictures of ruptured samples in Fig. 2 for the sake of illustrating this typical dissection-like mode 
of rupture. 
The stretch/stress curves of all the tests are shown in Fig 3, with the circumferential direction 
shown in Fig. 3a and the axial direction shown in Fig. 3b. For 32% of the samples (10 out of 31), the 
axial stretch tended to be larger than their circumferential counterparts for equivalent stress. For 
29% of the samples (9 out of 31), the tendency was the opposite, whereas for the rest (39% - 12 out 
of 31) similar stretch was obtained in both directions. 
 
3.2. Statistical analysis of rupture properties determined in bulge inflation tests 
For the samples which showed the dissection-like mode of rupture, the maximum stress and 
stretch were measured when the media ruptured, even if the aorta could still bear load due to its 
preserved adventitia. It was observed that the ultimate stress values and the ultimate stretch values 
show no correlation with the aneurysm diameter (respectively p=0.5 and p=0.35). However, a 
correlation with age was noted (both p<0.01). 
We show a graphical representation of the ultimate stress and stretch values as a function of age 
in Fig 4. The biaxial strength measured from the bulge inflation test shows a significant decrease 
between 20 and 55 years old. After 55 years of age, the values are dispersed around an average of 
about 0.9 MPa (Fig. 4a). The statistical analysis determined significant differences for the rupture 
stress (σrup) and stretch (λrup), and for the physiological modulus (Ephysio) between samples from 
patients > 55 years old and samples from patients ≤ 55 years old (p<0.05) (Fig. 5 and Table A1). 
Normal distributions were satisfied in both groups of patients for σrup, λrup and Ephysio. 
We also compared statistically the rupture stress (σrup) and stretch (λrup) between BAV and TAV 
patients, but no correlation was found (respectively p=0.48 and p=0.12). 
 
3.3. Stress-stretch responses in uniaxial tension 
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A total of 103 different samples were successfully tested in uniaxial tension. They were collected 
from ATAAs of 12 patients ranging from 39 to 76 years old. For each patient, the average ultimate 
stress and stretch in both directions (circumferential and axial) are reported in Table 3. The values of 
ultimate stress are superimposed with the biaxial results in Fig 4a. It can be observed that there is a 
significant difference between the circumferential strength and the axial strength, the latter being on 
average the half of the former (p<0.01). The variation with age appears marginal for the axial 
strength whereas a net age-related decrease of the circumferential strength is visible (p=0.53 and 
p<0.05 respectively). For patients over 55 years old, the biaxial strength is similar to the axial 
strength and significantly lower than the circumferential strength (Fig. 6a), whereas for younger 
patients the biaxial strength tends to be similar to the circumferential strength and higher than the 
axial strength (confirmation of this trend by statistical analysis would require more patients in this 
group). 
We show a graphical representation of the ultimate stretch values as a function of age in Fig. 4b. 
All the values show a global decrease with age, without reaching significance (p=0.06 and p=0.3 for 
circumferential and axial direction respectively). 
The data from the three different mechanical tests (bulge and uniaxial in the circumferential and 
axial direction) were statistically compared for patients aged >55 (Fig 6 and Table A2), confirming 
that: 
1- σrup is significantly different between bulge and uniaxial tests in the circumferential direction, 
and between both uniaxial tests (circumferential and axial). 
2-  λrup is significantly different between bulge and both uniaxial tests. 
 
3.4. Correlation between rupture criteria, age and physiological modulus for the bulge inflation 
tests 
There was a strong correlation between age and the two rupture criteria (γstress and γstretch) as seen 
in Fig. 7a (p<0.01). The stress based rupture criterion varies from 0.04 to 0.45, with an average value 
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of 0.15, showing that the stress in vivo could be multiplied, on average, by a factor higher than 6 to 
reach the rupture stress. The stretch based rupture criterion is much closer to 1, with an average 
value of 0.9. This means that in the aneurysm, on average, an 11% increase (γstretch=0.9) of the 
circumference/diameter due to blood flow variations increases the risk of rupture. For the weakest 
aneurysm, this maximum increase reduces to 3% (γstretch=0.97) and for the strongest, to 25% 
(γstretch=0.8).  
Interestingly, a strong correlation is observed between γstretch and Ephysio (p<0.01). In Fig 7b, it is 
shown that most of the patients for whom γstretch<0.9 have moduli below 1 MPa whereas patients for 
whom γstretch>0.9 have moduli ranging from 1 MPa to 7 MPa. Accordingly, two groups were defined 
with respect to their physiological modulus (Ephysio≥1 and Ephysio<1). The statistical analysis revealed 
that all variables (σrup ,λrup ,γstress ,γstretch and Ephysio) had a normal distribution for a pre-determined 
level of significance of 95% (p≥0.05). It also showed a non-significant difference between both groups 
of samples for γstress, which means that the γstress criterion is independent of the physiological modulus 
(Fig. 8a and Table A3). Conversely γstretch presented a significant difference between both groups of 
samples (Fig. 8b and Table A3). This means that brittle aneurysms (having a γstretch very close to 1) are 
also stiffer. For instance, for an aneurysm having a diameter of 55 mm, a thickness of 2 mm, an 
elastic modulus of 1 MPa, and for a diastolic pressure of 80 mmHg and a systolic pressure of 130 
mmHg, we can expect a variation of 9% of the circumference between diastole and systole by the 
simple application of the Laplace law. 
 
4. DISCUSSION 
4.1. Comparison between uniaxial and biaxial rupture properties of ATAA 
In the present study we have reported for the first time the rupture properties under biaxial 
loading of 31 human ATAA samples. Due to their bulge shape, ATAA tissue is stretched biaxially in 
vivo [23]. However, all the rupture properties of ATAAs reported in the literature were characterized 
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utilizing uniaxial tension and there was no guarantee that results obtained from a uniaxial test can be 
applied to a biaxial state.  
An interesting aspect of the bulge inflation test is the dissection-like rupture that we observed in 
most of the samples [26,27], which has never been reported for uniaxial tensile tests but is a 
common mode of rupture of ATAAs in vivo [4]. Only Iliopoulos et al. showed that the inner layer 
ruptures first in uniaxial tensile tests [36]. Even if the stresses are probably not perfectly equibiaxial 
in vivo, the bulge inflation test still represents a more relevant mode of loading than the uniaxial 
tension for characterizing rupture properties of ATAAs.  
Uniaxial tensile tests showed that the axial direction of the aortic tissue is always weaker than the 
circumferential direction [12,36,37]. This was observed in most of the published studies which 
characterized both directions of ATAA samples independently. In the bulge inflation tests, we 
observed that approximately half of the samples ruptured with a crack perpendicular to the axial 
direction (θ=90°). We also observed that the ultimate stress in bulge inflation testing is similar to the 
axial ultimate stress in uniaxial tension tests for patients >55 years old. This confirms that the axial 
direction is weaker in biaxial loading. A possible explanation for this lower strength in the axial 
direction is that collagen in the media tend to be aligned in the circumferential direction [38]. This is 
also consistent with the observed anisotropy in the stress/strain curves, the circumferential direction 
being generally stiffer. This is a common result with the passive mechanical behavior of the aorta 
[18,39,40]. 
Although the circumferential strength is almost double that of the axial direction in uniaxial tests, 
we observed that the ultimate stretch is similar in both directions, which corroborates other studies 
[41]. This property of the tissue to reach equivalent ultimate stretch in both direction, despite the 
anisotropy, brings some complexity to the biaxial behavior which may explain why the rupture does 
not occur at θ~90° in all the bulge inflation tests. 
When stress analyses are performed on ATAAs using finite element analyses [28], different 
combinations of axial and circumferential stress can be found. In order to determine if rupture may 
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occur, failure envelopes taking into account all these different possible combinations are required. 
Such failure envelopes were previously proposed for abdominal aortic aneurysms [42]. On the one 
hand, the maximum stretches reported in our study, both in uniaxial tension and equibiaxial tension, 
are in fairly good agreement with the stretch-based failure envelopes of Volokh [42]. On the other 
hand, our maximum stresses do not match with the stress-based failure envelopes reported in the 
Volokh study [42]. The disagreement for the stress may be explained by the assumption of isotropy 
used to derive the failure envelopes in [42]. Isotropy is not satisfied for ATAA tissue, the strength in 
the axial direction being half the strength in the circumferential direction. An appropriate failure 
envelope for ATAAs should be in agreement with both our uniaxial and biaxial data, which requires 
that it considers anisotropy.  
 
4.2. Correlation of rupture properties with age and valve phenotype 
Interestingly we also observed that the biaxial strength for patients ≤55 years old tends to be 
larger than the axial strength, whereas both are similar for patients >55 years old. The trends seems 
to be confirmed for instance by the data of García-Herrera et al. who characterized the rupture 
properties of 23 subjects between 16 and 57 years old without ATAA and obtained an average axial 
strength of about 1.2 MPa, which is consistent with our axial strength values at this range of age [12]. 
These observations lead us to the conclusion that there is an important correlation between the 
rupture properties of ATAAs and age. This was already established using uniaxial data by Okamoto et 
al. [10]. In our data, the Pearson test yields a significant correlation between age and both the 
ultimate stress and ultimate stretch. 
Several authors have compared the uniaxial rupture properties of ATAAs between BAV and TAV 
patients [12,38,43,44]. TAV specimens were found significantly weaker than BAV specimens in some 
studies [38,43] whereas others found no correlation between rupture properties and valve 
phenotypes [12,44].No correlation was found between the valve phenotype and rupture properties 
in our biaxial data.  
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4.3. Rupture risk based on the extensibility of the tissue 
The strength of the aortic tissue is generally defined as the maximum stress that the tissue can 
withstand before failing. However, when we derived the γstress ratio between the stress applied to the 
tissue in vivo and its strength, we noted that most of the collected ATAA samples were far from 
rupture. Another equivalent definition of rupture can be when the stretch applied to the tissue 
exceeds its extensibility. This way of defining rupture can even be more physiologically meaningful as 
it is reported that aneurysm rupture or dissections often occur at a time of severe emotional stress 
or physical exertion [45]. Emotionally or physically stressful situations can induce significant changes 
of blood volumes in the aorta and more compliant aneurysms are less prone to rupture as they can 
sustain such changes of volume. Based on this analysis, Martin et al. also defined a similar criterion, 
named the diameter risk, which is the ratio between the current diameter of the aneurysm and the 
rupture diameter [13]. They showed that the diameter risk increases significantly with the 
physiological elastic modulus of the artery. Indeed, if the aortic wall is stiff, a rather large increase of 
pressure can be induced by a small increase of volume. We showed similar trends in Fig. 7b with our 
biaxial data. 
A likely explanation of this phenomenon is the mechanism of collagen recruitment described by 
Hill et al. [46]. As collagen recruitment increases with the load, the tangent stiffness of the tissue 
increases too. We can expect that collagen recruitment is delayed in the tissue when it still contains a 
significant fraction of non-fragmented elastin. At physiological pressures, when elastin is not 
fragmented, only a small fraction of collagen contributes to the stiffness, which is relatively small 
(below 1MPa). Conversely, when elastic lamella and elastic fibers are highly disrupted, collagen will 
tend to be recruited earlier and will already contribute significantly to the stiffness at physiological 
pressures, making the stiffness relatively high (larger than 1 MPa). 
This description of higher recruitment of collagen at physiological pressures corroborates with 
Iliopoulos et al. [41] who showed that wall elastin, but not collagen content, decreased in ATAA 
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specimens, displaying lower wall thickness and failure strain, higher peak elastic modulus, and equal 
failure stress than control specimens. Moreover, it is commonly observed that the elastin fraction 
decreases with age, which may explain the trends observed in Fig. 4.  
The level of collagen recruitment may explain why γstretch can be very close to 1, but not the 
relatively high values of γstress that occur for some patients. Indeed, some specimens showed a 
relatively large extensibility but ruptured at a relatively small stress. When collagen is recruited, it 
can withstand stresses until damage initiates with ruptures at the fiber level as demonstrated by 
Weisbecker et al. [47,48]. A dense and crosslinked network of collagen will reach larger stresses 
before the initiation of damage and ultimate stresses. 
 
4.4. Relationships between rupture properties and tissue histology  
From the above discussion, we submit that two factors play a role in the risk of rupture of ATAAs: 
- content and crosslinking of the network of elastic fibers in the media which delays the 
collagen recruitment and ensures a higher extensibility. The degradation/fragmentation of 
the elastin network renders ATAAs more brittle (γstretch>0.9). 
- content and crosslinking of the network of collagen fibers in the media which delays the 
initiation of damage leading to rupture. The degradation of the collagen network renders 
ATAAs weaker  (σrup<1 MPa) 
Several authors have highlighted the relationship between the quality of protein networks in the 
extracellular matrix of ATAAs and the strength and extensibility of the tissue [43,44,49]. The 
degradation of protein networks in the extracellular matrix of ATAAs is explained by the fact that 
protein production is overwhelmed by protein destruction by the matrix metalloproteases (MMPs), 
notably MMP-9 which is responsible for elastin degradation. Once the aneurysm process begins, the 
changes that occur in the thoracic aortic wall lead to increased wall stress, which leads to greater 
proteolytic activity, which leads to further remodeling, perpetuating a vicious cycle. Once a critical 
state is reached, the aorta has lost its elastic properties. In the 31 ATAA samples that we tested, the 
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state of degradation varied significantly between individuals but it appeared that it was less 
advanced for patients ≤55 years old. This may mean that protein destruction is slower in young 
individuals even though they are affected by an ATAA. 
 
4.5. Limitations and future work 
Due to some current limitations, the following improvements are planned for our future 
experimental characterizations of ATAA: 
1. In this study we used the Laplace law to estimate in vivo physiological conditions (in vivo 
stress, in vivo tangent modulus) in the bulge region of the aneurysms. Using dynamic gated CT scan 
and finite-element analyses, this estimation could be refined with a simulation of in vivo 
physiological conditions as we started to do in preliminary studies [50]. 
2. The initial or zero-stress thickness was measured using a digital caliper assuming a 
homogeneous thickness. This should be replaced by a more precise and local measurement where 
the natural thickness variation of the tissue is taken into account, for example with the use of 
thickness gauges [51]. 
3. It would be interesting to distinguish the anterior, posterior and lateral regions of ATAAs as in 
Iliopoulos et al. and Kim and Baek [21,36], in order to assess possible regional variations of the 
rupture properties. Here we tested only the outer curvature of the ATAA where the rupture usually 
occurs. 
4. We could apply our approach to healthy ascending aortas as done by Azadani et al. [52], in 
order to better understand the differences caused in the aortic wall by a pathological state such as 
aortic insufficiency.  
5. Refined histological or immune-histological analyses could be undertaken in order to quantify 
for instance fiber disruption, mucoid accumulation, loss or hyperplasia of SMCs which are typical of 
ATAAs. 
6. A constitutive model accounting for damage [53–59] could be identified from the stress/strain 
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curves. 
7. It was assumed that the samples were in a stress-free state at the beginning of each inflation 
test but residual stresses are actually present in arteries in vivo [60] and it may be interesting to 
determine how they could affect the ultimate strength and stretch. Similarly the specimens were not 
perfectly flat at the beginning of the test and this led to some small initial deformation. 
 
5. CONCLUSIONS 
In this study we characterized the rupture properties of 31 human ATAA samples using bulge 
inflation testing. To our knowledge this is the first time that in vitro rupture properties of ATAAs are 
reported and analyzed using biaxial loading conditions. The results have highlighted the relationship 
between failure properties and the age of patients, showing that patients below 55 years of age 
display significantly higher strength. We have also shown the correlation between the extensibility of 
the tissue (which indicates its brittleness) and the physiological elastic modulus, independently of the 
age, ATAA diameter or the aortic valve phenotype of the patient. The results indicate the combined 
importance of the quality of the collagen and elastin networks to prevent rupture  ̶  elastin quality 
delaying collagen fiber recruitment and bringing extensibility, and collagen quality delaying fiber 
damage and bringing strength. Further studies should be done to characterize the underlying 
mechanobiological mechanisms yielding to the degeneration of these protein networks during the 
growth of an aneurysm. 
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Table 1. Published studies reporting uniaxial rupture properties of ascending thoracic aortas and 
ATAAs. 
Reference  Tests  Main conclusions 
Mohan and 
Melvin (1982) 
 34 aortas in uniaxial tension  
Failure properties of human aortic tissue at quasi-
static and dynamic strain rates 
Okamoto et al 
(2002) 
 
25 ATAAs tested up to failure in 
uniaxial tension 
 
Age clearly influences the measured elastic and 
strength properties in ATAA 
Vorp et al. 
(2003) 
 
36 ATAAs and 10 non 
aneurysmal ascending thoracic 
aortas 
 
ATAA samples are stiffer and approximately 30% 
weaker than healthy samples 
Sokolis et al. 
(2012) 
 
Uniaxial tensile tests on intima, 
media and adventitia 
 
Similar extensibility for all the layers but larger 
strength for the adventitia 
Iliopoulos et 
al. (2009a) 
 
Tensile tests on ATAAs sample 
of 12 patients 
 
Inverse correlations of failure stress with thickness 
and direct correlations with peak elastic modulus 
Iliopoulos et 
al. (2009b) 
 
Uniaxial tensile tests on 26 
ATAAs and 15 non aneurysmal 
ascending thoracic aortas 
 
ATAA display smaller failure strain, smaller elastin 
content and higher peak elastic modulus. 
Circumferential specimens show higher failure stress 
and peak elastic modulus but equal failure strain 
Forsell et al. 
(2014) 
 
Uniaxial tensile tests on 24 
ATAAs, 14 patients with 
bicuspid aortic valve (BAV) and 
10 with tricuspid aortic valve 
(TAV) 
 
The strength was almost two times higher in BAV 
samples. Collagen related stiffness was significantly 
increased in BAV samples whereas elastin related 
stiffness was similar in both groups 
Pichamuthu et 
al. (2013) 
 
Uniaxial tensile tests on 38 
ATAAs, 23 from BAV patients 
and 15 from TAV patients 
 
Circumferential and longitudinal tensile strengths 
were higher for BAV ATAAs than TAV ATAAs. 
Uniform collagen content between groups 
García-Herrera 
et al. (2012) 
 
Uniaxial tensile tests on 26 
ATAAs (12 BAV and 14 TAV) 
and 23 non aneurysmal 
ascending thoracic aortas 
 
Age causes a major reduction in the mechanical 
parameters of healthy ascending aortic tissue, no 
significant differences between the mechanical 
strength of aneurysmal TAV or BAV aortic specimens 
and the corresponding age-matched control group 
Pham et al. 
(2013) 
 
Uniaxial tensile tests on 35 
ATAAs (20 BAV and 15 TAV) 
and 20 non aneurysmal 
ascending thoracic aortas 
 
No difference of failure properties between the 
groups. Moderate medial degeneration 
characterized by elastin fragmentation, cell loss, 
mucoid accumulation and fibrosis. The ultimate 
tensile strength decreases with age 
Sokolis and 
Iliopoulos 
(2014) 
 
Uniaxial tensile tests on 35 
ATAAs (20/15 male/female 
ratio) 
 
Male ATAAs are stronger but equally extensible in 
the circumferential axis compared to female ones. 
Longitudinally, instead, gender differences at each 
region are insignificant 
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Table 2. Demographic information and results of the bulge inflation tests. 
 
Id  
Sex/ 
Age/Valve 
 
Thickness 
(mm) 
 
Diameter 
(mm) 
 
Ephysio 
(MPa) 
 
σrup 
(MPa) 
 λrup   γstress  γstretch  θ (°)† 
1  F/76/TAV  1.82  55  3.69  1.31  1.19  0.09  0.94  80 
2  M/64/TAV  1.99  55  1.01  1.28  1.40  0.10  0.86  x 
3  M/55/BAV  2.10  65  0.96  0.79  1.48  0.22  0.88  80 
4  M/76/TAV  1.98  51  1.69  1.12  1.34  0.11  0.92  x 
5  M/68/TAV  1.79  55  2.05  1.17  1.51  0.16  0.94  x 
6  M/58/BAV  2.74  52  0.61  1.11  1.53  0.10  0.88  x 
7  M/66/TAV  1.86  50  0.72  0.50  1.48  0.28  0.84  90 
8  M/75/BAV  1.70  55  2.22  1.07  1.33  0.14  0.92  80 
9  M/68/BAV  2.50  51  2.59  0.90  1.34  0.12  0.95  90 
10  M/78/TAV  2.72  50  0.62  0.65  1.39  0.13  0.84  90 
11  M/68/TAV  2.20  50  0.78  0.78  1.56  0.20  0.91  100 
12  M/70/TAV  1.79  55  2.85  1.24  1.32  0.12  0.94  x 
13  M/24/BAV  1.77  50  0.61  4.84  1.70  0.04  0.81  75 
14  M/64/TAV  1.79  55  1.31  1.29  1.64  0.17  0.92  90 
15  M/66/TAV  1.94  55  1.85  0.45  1.28  0.27  0.92  80 
16*  M/36/TAV  0.51  50  0.69  3.60  1.52  0.04  0.83  0 
17*  M/55/TAV  1.09  53  2.20  0.82  1.33  0.18  0.95  0 
18*  M/49/BAV  0.95  52  1.48  1.51  1.45  0.10  0.88  0 
19  M/64/TAV  1.65  52  2.58  0.86  1.40  0.21  0.94  x 
20  M/79/TAV  1.79  50  4.51  0.86  1.22  0.14  0.96  100 
21  F/65/TAV  1.82  49  5.37  0.85  1.18  0.13  0.96  100 
22  F/80/TAV  1.68  52  5.34  0.40  1.12  0.30  0.98  100 
23  F/80/TAV  1.68  52  3.77  0.77  1.25  0.20  0.96  30 
24  M/40/TAV  1.59  55  1.20  2.30  1.55  0.09  0.88  x 
25  M/79/TAV  1.76  52  4.41  0.95  1.21  0.15  0.96  0 
26  M/76/BAV  1.82  58  3.28  0.33  1.25  0.51  0.98  100 
27  M/72/TAV  1.90  51  2.37  0.76  1.18  0.16  0.97  100 
28  F/76/TAV  2.41  65  2.53  1.31  1.28  0.10  0.95  70 
29  M/79/TAV  1.89  54  6.52  1.67  1.20  0.07  0.94  80 
30  M/55/BAV  2.35  55  1.00  0.98  1.52  0.16  0.89  100 
31  M/54/TAV  2.11  55  1.36  2.60  1.45  0.05  0.87  x 
Mean 
 
65 (age)  1.97  53.52  2.33  1.26  1.37  0.16  0.92   
STD  13.8 (age)  0.31  3.80  1.60  0.94  0.15  0.09  0.05   
 
* for 3 patients, the media and the adventitia were separated as explained in (Romo et al, 2014). The thickness value reported in the table 
is the thickness of the layer tested in the bulge inflation experiment and it is not taken into account to derive the average and standard 
deviation of the thickness of the whole population. 
†
an angle θ of x means that the crack pattern was undetermined and that it was not possible to estimate an angle.  
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Table 3. Demographic information and results of the uniaxial tensile tests. 
 
Id 
 Sex/ 
Age/Valve 
 Thickness 
(mm) 
 Diameter 
(mm) 
 Circ σrup 
(MPa) 
 Axial σrup 
(MPa) 
 Circ 
λrup  
 Axial 
λrup  
1  M/69/TAV  1.73  43  1.34  -  1.50  - 
2  F/72/BAV  1.48  53  1.17  -  1.36  - 
3  M/61/TAV  2.02  51  1.54  0.51  1.77  1.33 
4  M/57/BAV  2.31  55  1.31  0.45  1.69  1.44 
5  M/39/BAV  1.80  52  2.81  0.76  1.95  1.91 
6  M/47/BAV  1.70  50  -  0.80  -  1.61 
7  M/75/TAV  1.65  48  2.07  0.64  1.77  1.71 
8  M/76/TAV  1.52  46  0.67  0.39  1.48  1.50 
9  M/75/TAV  2.01  53  1.00  0.82  1.60  1.54 
10  M/68/TAV  2.02  67  2.19  1.03  2.00  1.64 
11  M/61/TAV  1.50  45  1.30  0.80  1.70  1.89 
12  M/55/TAV  1.79  50  1.87  1.65  1.81  1.71 
Mean  63 (age)  1.79  51.08  1.57  0.79  1.69  1.63 
STD  11.8 (age)  0.25  6.16  0.61  0.36  0.20  0.19 
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Legends of figures 
Figure 1. (a) Picture of an ATAA sample just after collection during aneurysm surgical repair; (b) 
Picture of an ATAA sample after cutting the inner curvature and opening; (c) Picture of an ATAA 
sample after cutting the square sample that will be tested in the bulge inflation bench; (d) Picture of 
an ATAA sample after rupture in the bulge inflation test. 
Figure 2. Pictures taken by the digital camera of the DIC system after rupture of ATAA samples in the 
bulge inflation test. (a) patient 10; (b) patient 13; (c) patient 14; (d) patient 11. Pictures  are taken 
from above the sample. More details about the experimental arrangements may be found in [27]. 
Figure 3. Stress/stretch curves obtained on the 31 samples tested with the bulge inflation test. (a) 
Circumferential Cauchy stress versus circumferential stretch; (b) Axial Cauchy stress versus axial 
stretch. 
Figure 4. (a) Age related variations of the ultimate strength σrup in uniaxial tensile tests and in bulge 
inflation tests (p<0.01); (b) Age related variations of the ultimate stretch λrup in uniaxial tensile tests 
and in bulge inflation tests (p<0.01) 
Figure 5. Significant differences between both populations (age ≤ 55 and age > 55) of (a) σrup, (b) λrup 
and (c) Ephysio. 
Figure 6. Statistical comparison between the 3 different types of tests (bulge inflation, uniaxial tension along 
the circumferential and uniaxial direction) of the distributions of (a) σrup and (b) λrup. 
Figure 7. (a) Age related variations of both rupture criteria γstress and γstretch determined from bulge 
inflation tests (p<0.01); (b) Variations of γstretch with respect to the physiological elastic modulus 
(p<0.01). 
Figure 8. Statistical comparison between both populations (Ephysio < 1 and Ephysio ≥ 1) of the 
distributions of (a) γstress and (b) γstretch. 
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Appendix 
 
Table A1. Statistical distributions (mean and typical error) for both populations (age ≤ 55 and age > 
55) for σrup, λrup and Ephysio 
 
 
Bulge test 
 
σrup (MPa) 
 
λrup 
 
Ephysio (MPa) 
≤55 >55 ≤55 >55 ≤55 >55 
Mean ± TE 2.18 ± 0.52 0.94 ± 0.07 1.5 ± 0.04 1.33 ± 0.03 1.19 ± 0.18 2.72 ± 0.35 
N 8 23 8 23 8 23 
 
 
 
 
 
Table A2. Statistical distributions (mean and typical error) for each testing type (bulge inflation, 
uniaxial tension along the circumferential and axial direction) for σrup and λrup. 
 
Patients > 55 
years old 
 Uniaxial test (circumferential) 
 
Uniaxial test (axial) 
 σrup (MPa) λrup σrup (MPa) λrup 
Mean ± TE  1.4 ± 0.16 1.65 ± 0.06 0.66 ± 0.09 1.58 ± 0.07 
N  9 9 7 7 
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Table A3. Statistical distributions (mean and typical error) for both populations (Ephysio < 1 and Ephysio ≥1) for σrup, λrup γstress , γstretch and Ephysio. 
 
 
Bulge test 
 σrup (MPa) 
 
λrup 
 
γstress 
 
γstretch 
 
Ephysio (MPa) 
Ephysio < 1 Ephysio ≥ 1 Ephysio < 1 Ephysio ≥ 1 Ephysio < 1 Ephysio ≥ 1 Ephysio < 1 Ephysio ≥ 1 Ephysio < 1 Ephysio ≥ 1 
Mean ± TE 0.77 ± 0.1 1.09 ± 0.09 1.49 ± 0.03 1.33 ± 0.03 0.19 ± 0.03 0.15 ± 0.01 0.87 ± 0.01 0.93 ± 0.01 0.74 ± 0.06 2.84 ± 0.33 
N 5 22 5 22 5 22 5 22 5 22 
 
  
Despite their medical importance, rupture properties of ascending thoracic aortic aneurysms (ATAA) 
subjected to biaxial tension were inexistent in the literature. In order to address this lack, our group 
developed a novel methodology based on bulge inflation and full-field optical measurements. Here 
we report rupture properties obtained with this methodology on 31 patients. It is shown for the first 
time that rupture occurs when the stretch applied to ATAAs reaches the maximum extensibility of 
the tissue and that this maximum extensibility correlates strongly with the elastic properties. The 
outcome is a better detection of at-risk individuals for elective surgical repair. 
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